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The emission energy dependence of the photoluminescence ͑PL͒ decay rate at room temperature has been studied in Si nanoclusters ͑Si-ncl͒ embedded in Si oxide matrices obtained by thermal annealing of substoichiometric Si oxide layers Si y O 1−y , y=͑0.36, 0.39, 0.42͒, at various annealing temperatures ͑T a ͒ and gas atmospheres. Raman scattering measurements give evidence for the formation of amorphous Si-ncl at T a = 900°C and of crystalline Si-ncl for T a = 1000°C and 1100°C. For T a = 1100°C, the energy dispersion of the PL decay rate does not depend on sample fabrication conditions and follows previously reported behavior. For lower T a , the rate becomes dependent on fabrication conditions and less energy dispersive. The effects are attributed to exciton localization and decoherence leading to the suppression of quantum confinement and the enhancement of nonradiative recombination in disordered and amorphous Si-ncl. © 2010 American Institute of Physics. ͓doi:10.1063/1.3457900͔
I. INTRODUCTION
A large variety of Si nanostructures have been extensively studied in the past few years due to their potential applications in Si-based light-emitting devices. A technologically important structure, which is fully complementary metal-oxide semiconductor ͑CMOS͒ compatible and takes advantage of the well-known good passivation and stability of the Si/ SiO 2 interface, consists of crystalline silicon nanoclusters ͑Si-ncl͒ dispersed in an amorphous SiO 2 matrix.
1,2
The mechanisms of light emission in these structures have been studied intensively. Time-resolved photoluminescence ͑PL͒ measurements have shown a nonexponential PL intensity decay in the microsecond range that can be fit by the stretched-exponential function I͑t͒ =I 0 exp͓−͑t / ͒ ␤ ͔, where I 0 is the initial PL intensity, is a lifetime, and ␤ Յ 1 is a dispersion exponent. 3, 4 Initially, it was suggested that the nonexponential behavior was due to exciton hopping effects combined with Si-ncl size variations within a sample. 5 Interestingly, however, it has been observed in virtually all Si nanostructures studied, ranging from porous silicon 5 to size selected Si-ncl ensembles. 6 Furthermore, the PL decay rates ͑1 / ͒ have often been seen to increase exponentially with increasing PL emission energy according to
where A is a constant, E is the PL emission energy, and E 0 is a characteristic energy. To explain such a "universal" behavior, Delerue et al. 6 proposed a model that considered the inherent character of quantum confined excitons in indirect gap nanostructures. This model predicted E 0 = 0.31 eV, in close agreement with the reported typical experimental values [3] [4] [5] [6] of E 0 = 0.3 eV. However, there has been a long standing debate on the role of the Si/ SiO 2 interface states in the recombination process and the luminescence from Si-ncl/ SiO 2 materials. Moreover, the quantum confinement ͑QC͒ mechanism itself has been questioned. 7 In addition, the role of the Si-ncl structure, which may be strongly disordered or even amorphous, is not well understood. Most studies have focused mainly on systems with Si-ncl possessing high degree of crystallinity. Only sparse work has been directed to disordered or amorphous Si-ncl that may be obtained, for instance, by annealing substoichiometric Si oxide layers at relatively low temperatures ͑Ͻ1100°C͒.
In this work, we focus on the influence of varying Si-ncl structures on PL decay rates from Si-ncl embedded in amorphous Si oxides. In contrast to previous findings, we obtain E 0 values much larger than 0.3 eV that depend strongly on the fabrication conditions ͓i.e., the Si concentration in the Si oxide, the annealing temperature ͑T a ͒, and gas atmosphere͔. We propose that strong Si-ncl lattice distortion is at the origin of this effect.
II. EXPERIMENTAL DETAILS
The Si y O 1−y films were deposited on fused quartz substrates using an electron cyclotron resonance-plasma enhanced chemical vapor deposition system described elsewhere. 8 The Si contents ͑y͒ were 0.36, 0.39, and 0.42, determined as reported previously. 9 The annealing of the films was performed in a quartz tube furnace under either Ar or Ar+ 5%H 2 atmospheres for 2 h and at temperatures of 900, 1000, and 1100°C. These conditions lead to Si-ncl at The optical properties of the Si-ncl were studied by using PL, confocal Raman, and time-resolved PL spectroscopies. All measurements were made at room temperature. The PL spectra were recorded by using an HR4000 Ocean Optics spectrometer as a detection system. The 442 nm line of a He-Cd laser was used as the excitation source. In the Raman studies, an argon-ion laser excitation line ͑514.5 nm͒ was used. The decay kinetics of the luminescence were studied using the second harmonic of a Q-switch neodymium-doped yttrium aluminium garnet ͑Nd:YAG͒ laser ͑532 nm, 6 Hz repetition rate͒ as the source of excitation. The excitation pulse width was 5 ns. The decay luminescence was detected by a Thermo Jarrel Ash monochromator ͑25 cm focal length͒ equipped with a Hamamatsu R928 photomultiplier tube. A digital oscilloscope processed the signal averaging over 250 pulses. Figure 2͑a͒ shows Raman spectra for the six samples with y = 0.42 and thermal annealed at 900, 1000, and 1100°C ͑triangles, squares, and circles, respectively͒ and under Ar ͑full symbols͒ and Ar+ 5%H 2 ͑empty symbols͒. By performing a multiple Gaussian fit from 100 to 550 cm −1 , the TA, LA, LO, and TO phonon modes of amorphous silicon ͑a-Si͒, located at around 170 cm −1 , 300 cm −1 , 400 cm −1 , and 480 cm −1 , respectively, can be deduced for the samples annealed at 900°C. The solid line represents the Gaussian fit. All spectra were normalized to the TO phonon mode. These modes are still present for samples annealed at 1000 and 1100°C. However, an additional mode appears near 516 cm −1 associated to the TO phonon mode of c-Si, indicating crystallization processes of the amorphous phase. 11 In addition, the Si-Si Raman peak for Si-nc is downshifted ͑by ϳ2 cm −1 ͒ as compared to the measured Raman position in perfect c-Si ͑518.5 cm −1 ͒ in the absence of disorder and stress effects 12 ͓see dotted vertical line in Fig.  2͑a͔͒ . The Raman spectra have nearly the same line shape for the series of samples prepared under Ar and Ar+ 5%H 2 with the same annealing temperatures. Figure 2͑b͒ compares Raman spectra for the Si y O 1−y samples with y = 0.36 and 0.42 and T a = 1100°C under Ar. Again, the Si-Si mean peak is positioned 2 cm −1 below the wave number expected for bulk Si, indicating phonon confinement effect, 13 while the line width remains at 11 cm −1 . The major vibrational features of a-Si are also present in the Raman spectra for these two samples. Note that the Si-Si peak intensity decreases when the Si content ͑y͒ is reduced indicating that the density and the size of Si-ncl decreases with the reduction in y. In addition, it is found that for the amorphous contribution, the integrated area diminishes, the linewidth narrows, and the peak position blueshifts when T a or y increase. This is probably due to the phonon confinement effect in the a-Si phase, similar to the case of crystalline Si-ncl. 11 The crystalline fraction defined as F c =I c / ͑I c + ␣I a ͒, where ␣ = 0.8 is the Raman cross section ratio for phonon excitation of c-Si crystalline ͑I c ͒ to the amorphous ͑I a ͒ components 14 increase for increasing T a or y ͑see Tables I and II͒. Figure 3͑a͒ shows the PL decay curves from the Si y O 1−y samples with y = 0.42 recorded at E det = 1.47 eV, for T a = 900, 1000, and 1100°C ͑triangle, square, and circle, respectively͒ annealed under Ar ͑full symbols͒ and Ar +5%H 2 ͑empty symbols͒. The decay behavior of the laser excitation pulse is also shown. Lines are fits of the stretchedexponential function to the experimental data, from which the ␤ values were determined for each sample. It can be seen that a satisfactory fit is obtained and that for the same gas atmosphere, samples annealed at high temperatures show slow kinetics when compared with samples annealed at low temperatures. In addition, for fixed T a , the decay is slower for hydrogenated samples when compared with nonhydrogenated ones. This could be explained by passivation of the Si-ncl surface when hydrogen is used, eliminating nonradiative centers, such as Si dangling bonds. Figure 3͑b͒ shows the emission energy dependence of PL decay rates for the same samples as in Fig. 3͑a͒ . At first observation, 1 / is exponentially dependent on emission energy, 1 / ϰ exp͑E / E 0 ͒, in agreement with Eq. ͑1͒. Moreover, this behavior is obeyed for all T a and both gas atmospheres used in the annealing treatments. For samples with y = ͑0.36, 0.39͒ we have observed the same dependence, however E 0 increases with decreasing T a . Figure 4 shows the emission energy dependence of PL decay rates for samples with different Si content ͑y = 0.36, 0.39, 0.42-triangle, circle, and square, respectively͒ and annealed at 1100°C under Ar. The behavior expected from Eq. ͑1͒ is seen to be obeyed in all cases except for y = 0.36 at low detection energy, where the PL decay rates level off. In addition, E 0 increases and the decay rates decrease with decreasing Si content.
III. RESULTS AND DISCUSSIONS
These results are qualitatively similar to those reported by Pavesi 5 for porous Si, except for the fact that here the E 0 parameter is not constant for samples prepared under different conditions. Garcia et al. 15 studied crystalline Si-ncl embedded in SiO 2 and observed almost no dependence of the PL lifetime on Si content. More recently, Derr et al. 4 also observed the same dependence as in Eq. ͑1͒, with E 0 = 0.3 eV for different crystalline Si-ncl sizes.
Hence, in contrast to previous experimental reports on similar systems, our results show a clear dependence of the emission energy dependent PL decay rate, namely the E 0 parameter, on the fabrication conditions. We propose that this dependence is due to the effect of Si-ncl lattice disorder, and eventually Si-ncl amorphicity, on QC and recombination kinetics. To explain the physics behind the empirical dependence of 1 / on the emission energy ͓Eq. ͑1͔͒, Delerue et al. 6 performed combined tight-binding/valence force-field calculations of phonon-assisted optical transition matrix elements that are expected in an indirect band gap material such as Si. In this model, the effect of QC, namely electron and hole wave function broadening in k-space leading to increasing probability for zero-phonon transitions, 16 was taken into account automatically through the electronic structure calculation in the tight-binding approach. The strong emission energy dispersion of the PL rate is then a result of the increasing electron-hole wave function overlap in k-space, which is larger at larger emission energy and affects both zero-phonon and phonon-assisted transitions. 6 Therefore, the strong emission energy dispersion of the PL decay rate emerges as result of the indirect character of the Si band gap and the QC effects on the radiative transition rates, which increase with increasing emission energy ͑i.e., smaller Si-ncl size͒. Here, we observe that this energy dispersion becomes very small with decreasing T a for which, according to the Raman data ͓Fig. 2, Tables I and II͔ , Si-ncl become disordered and contribute to a relatively large volume fraction of amorphous Si. Concomitantly, the PL decay rate becomes high ͓Fig. 3͑b͔͒. Possible reasons for these effects are, on one hand, the gradual suppression of the QC in disordered Si-ncl due to disorder induced exciton localization or decoherence ͓in an amorphous Si-ncl the electronic wave function coherence lengths may become as small as 1 nm, 17 i.e., significantly smaller than the typical Si-ncl sizes of 3-6 nm ͑Refs. 10 and 18͔͒. On the other hand, in amorphous Si-ncl, the nonradiative recombination rate is expected to increase due to the typical presence of Si dangling bonds, and may eventually dominate the total PL decay rate due to the large capture cross section of these defects. 19 According to Street, 20 the total PL rates for bulk a-Si:H are on the order of ϳ10 5 s −1 at 81 K. The larger PL rates of ϳ5 ϫ 10 5 s −1 for our samples annealed at 900°C are comparable to those measured by Irrera et al. 21 for Si-ncl prepared at the same annealing temperature. It is interesting to note that theoretical work by Allan et al. 22 for amorphous hydrogenated Si-ncl have predicted radiative rates on the same order of magnitude as those reported here, and attributed to disorderinduced breakdown of the k-conservation rule in the amorphous clusters in addition to the QC effect. Furthermore, the weak dependence on band-gap energy of the radiative rates for the amorphous Si-ncl ͑see Fig. 4 of Ref. 22͒ is in qualitative agreement with the high E 0 values obtained experimentally here for the samples annealed at 900°C. This agreement is an indication that QC may still be a factor in the determination of the PL rates in the amorphous Si-ncl studied here.
A weak E 0 dependence on y is also observed for T a = 1100°C ͑see Fig. 4͒ . In this case, E 0 decreases slightly with increasing y, while the decay rate increases strongly. We propose that this is evidence for significant contributions of the so called "exciton hopping mechanism" 5 to the total decay rate. Higher Si content is known to yield larger Si-ncl mean size 10, 18 and, as the present Raman data show ͓Fig. 2͑b͔͒, to larger Si-ncl density for fixed annealing conditions. Hence, exciton hopping between neighboring Si-ncl may be expected to be enhanced with increasing y. 5 The decrease in ␤ with increasing Si content ͑see Fig. 4͒ strengthens the idea of increasing exciton hopping contributions. 4 The deduced E 0 values for samples prepared under the different fabrication conditions considered in this work are summarized in Fig. 5 , as a function of T a . The solid line is a guide for the eye. For low T a , E 0 values are relatively large for all samples and depend on the fabrication conditions. With increasing T a these values decrease significantly and become almost independent of the fabrication conditions and roughly equal to the value predicted by Delerue et al. 6 and experimentally obtained by various studies. [3] [4] [5] [6] 
IV. CONCLUSIONS
The emission energy dependence of the PL decay rate at room temperature has been studied in various Si-ncl/Si oxide samples obtained by thermal annealing at various T a in Ar and ͑Ar+ 5%H 2 ͒ of substoichiometric Si oxide layers of various Si contents. Raman data give evidence for the formation of Si-ncl within the Si oxide which are essentially amorphous for T a = 900°C and crystalline for T a = 1000 and 1100°C. Equation ͑1͒ is found to be fulfilled in all cases, with the characteristic E 0 value independent of fabrication conditions and in agreement with the previously reported value for T a = 1100°C, but increasing and becoming dependent on fabrication conditions for lower T a . The effects are suggested to be due to disorder induced localization and decoherence leading to the gradual suppression of QC and increasing nonradiative recombination rates in disordered and amorphous Si-ncl.
